Introduction
Nickel is an important resource. Laterite and sulfide ores are the two main sources of nickel.
14) Approximately 30% of the world's nickel reserves are in the form of sulfide, and 70% are in the form of laterite. The chemical composition of sulfide ore is (Ni, Fe)xSy and those of laterite ore are 2(Mg, Fe)O·SiO 2 (olivine) and (Mg, Fe)O·SiO 2 (enstatite). Although 70% of the world's land-based nickel is contained in laterite, it currently accounts for only about 40% of world nickel production. Laterite ore has two types, namely limonite and saprolite. Limonite is a low-grade ore, with a nickel content of 1.11.8 mass%. Saprolite is a rich ore, with nickel content of more than 2 mass%. 57) Nickel can be extracted from laterites via hydrometallurgical or pyrometallurgical processes. This laterite ore is unsuitable for hydrometallurgical processes because of the high acidity during leaching. Pyrometallurgical processes were relatively more suitable. In this study, pyrometallurgical processes are used to reduce laterite. According to the differential thermal analysis-thermogravimetric analysis reported by Keskinillic et al., 8) there are three exothermic peaks and one endothermic peak with rising temperatures of laterite. The first exothermic peak of laterite ore was caused by free water evaporation at 133383 K, the second one was due to the loss of crystal water at 773 K, and the third one resulted from the re-crystallization in the minerals at 973 K. On the other hand, the endothermic peak is produced by the loss of hydroxyl groups at 563 K. 8) H. Tsuji 9) determined the phase composition of serpentine laterite subjected to a carbothermic reduction at various temperatures. When the reaction temperature was 10731373 K, laterite ores produced nickel oxides, including olivine and other oxide phases. When the temperature reached 13731473 K, the amorphous nickel oxide included other oxide phases and converged to produce. Then, the temperature increased to 14731523 K, tiny particles of metallic Ni and Fe formed. Finally, when the temperature reached 15231573 K, the metal particles began to converge and the iron separated from the residual.
With the threat of global warming, many alternative forms of energy have been proposed to replace fossil fuels. 10) Biomass can become solid fuel via torrefaction, which is a thermal pretreatment process in which raw biomass is heated in the temperature range of 473573 K in an inert nitrogen atmosphere for several minutes to several hours. After torrefaction, the volatile matter (VM) of bio-coal decreases to 3485 mass%, whereas its fixed carbon (FC) increases to 1345 mass%. 1012) In the present study, limonite and saprolite laterite ores are mixed with bio-coal at various reduction temperatures (11731673 K) to determine the effect of reduction temperature on the carbothermic reduction process.
Experimental Method
Laterite ores were dried at 378 K and crushed to fit through a 0.25 mm screen. The composition of the nickel laterite ores before reduction was determined using chemical analysis, Differential thermal analysis (DTA), Scanning Electron Microscopy (SEM), and X-ray Diffraction (XRD). The laterite ores were mixed with bio-coal at 11731673 K for 1800 s with a C/O ratio of 0.75 on the carbothermic reduction experiment. The protective atmosphere was argon, whose flow rate was 5 cc/s. After reduction, the samples were examined by XRD, SEM, energy-dispersive X-ray spectroscopy (EDS), and ICP-AES analysis. The reduction samples were prepared in a high-temperature furnace, as shown in Fig. 1 .
Results and Discussion

Raw material 3.1.1 Chemical composition analysis
The chemical compositions of the nickel laterites (limonite and saprolite) are shown in Table 1 . The elemental analysis results of the bio-coal are shown in Table 2 . The results show that the bio-coal was a reductant, whose FC value is 47.1 mass%.
XRD analysis
The XRD patterns shown in Fig. 2 3 ). In laterite ore, Ni occurs mainly in the form of Mg silicates, and Cr occurs mainly in the form of Fe silicates or goethite. The mineral species contain crystal water and carbonate and hydroxyl groups. Limonite and saprolite are oxidized nickel laterite.
SEM microstructure observation
The limonite and saprolite laterites were observed using SEM. SEM micrographs and EDS maps of the laterite ores are shown in Fig. 3 . Results indicate that limonite and saprolite have an irregular shape and a rough surface, with the limonite structure being more compact than that of saprolite. The EDS analysis results shown that the main elements of limonite were C, O, and Fe and those of saprolite were O and Fe.
DTA analysis
The DTA patterns of the two laterites are shown in Fig. 4 . In the differential scanning calorimetry (DSC) curves, there are three obvious endothermic reactions and one exothermic reaction for limonite. The DSC curve of saprolite indicates two endothermic reactions and one exothermic reaction. Due to the evaporation of free water, the first reaction occurs at 388 K for limonite and at 416 K for saprolite. The endothermic peak at about 657 K for limonite corresponds to the dehydroxylation of goethite, e.g., the transformation of goethite to hematite. This transformation has been extensively investigated but there is no general agreement on the mechanism.
8) The peaks at around 794 K and 845 K most likely correspond to the stages of the elimination of chemically bound water from the limonite and saprolite ores. Due to re-crystallization of silicate, an exothermic reaction occurs at 1059 K for limonite and at 1066 K for saprolite. The laterite ores mixed with bio-coal exhibited the same trends.
Reduction of laterite 3.2.1 Chemical and XRD analysis
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) results of limonite mixing coal and bio-coal at various temperatures was shown in Table 3 . Comparison of bio-coal and coal reduction results, the nickel content increased with increased temperature. Nickel content of coal specimens and bio-coal specimens were raised from 1.18 The Effect of Bio-Coal on the Carbothermic Reduction of Laterite Ores(before reduction) to 1.47 mass% (after reduction at 1373 K for 1800 s) and from 1.18 to 1.64 mass%, respectively. Biocoal has the ability to reduced laterite ore. ICP-AES results of limonite and saprolite at various temperatures was shown in Table 4 . The total nickel of limonite increased from 1.18 (before reduction) to 1.64 mass% (after reduction) and that of saprolite increased from 3.43 to 4.93 mass%.
To observe the structural evolution of the ore as a function of the reduction temperature, the samples were heated at 1173, 1273, 1373, and 1473 K, respectively, for 1800 s, and then analyzed using XRD. The diffraction patterns of the limonite ore reduced at various temperatures are given in Fig. 5 . XRD analysis indicates that the major phases of limonite before reduction were Fe 1.833 (OH) 0.5 O 2.5 and Fe 2 SiO 4 , and that after reduction was Fe at 1473 K for 1800 s in Ar gas. The diffraction patterns of the saprolite ore reduced at various temperatures are given in Fig. 6 . The major phases of saprolite before reduction were Fe(CO 3 and ¡-Fe 10.8 Ni at 1473 K for 1800 s in Ar gas. It is believed that the oxide phase transformed into a metal phase with increasing reduction temperature, and that the bio-coal became a reductant.
Cross section of limonite and saprolite
Cross sections of pellets of laterite mixed with bio-coal at various temperatures are shown in Fig. 7 . The pellets have two regions at 1173 K for 1800 s, namely a dense outer layer and a loose core. With increasing temperature, the inward diffusion of the dense area led to the gradual disappearance of the loose area. The metallic phase became liquid at the soft melting temperature, and the pellets shrink at 14731573 K for 1800 s. Finally, the pellets formed a nickel-iron alloy phase and iron and oxide phase separation at 1673 K for 1800 s. The carbothermic reduction mechanism of the pellets was shown in Fig. 8 . The sintering led to the formation of two regions, namely a dense area in the outer layer of the pellet and a loose area in the core of the pellet. When the temperature was increased to 1473 K for 1800 s, the sintering phenomenon spread to the soft melting temperature. Due to different surface energy of the metal phase and oxide phase, produced iron oxide separation at 1673 K for 1800 s.
SEM-EDS analysis
Figures 8 to 10 show SEM images of samples obtained at various temperatures. The SEM images of samples reduced at 1273 K for 1800 s shown in Fig. 8 confirm that the outer layer of the pellet became dense after reduction. Because the heat cannot diffuse into the core of the pellet, the core is loose. Phase distribution of pellets with silvery white oxide phase and black carbon phase.
SEM images of samples reduced at 1473 K for 1800 s are shown in Fig. 9 . The reduction of limonite produced a continued metal phase in the outer layer of the pellet, island and small spherical metal phases in the core of the pellet, and black oxide phase and carbon phase in the rest of the pellet. The reduction of saprolite formed island-like and spherical metal phases in the outer layer of the pellet, small spherical metal phases in the core of the pellet, and black oxide and carbon phases elsewhere. The nickel-iron ratio of limonite is higher than that of saprolite, and thus after the reduction of the limonite having more continuous metal phase, and saprolite has lower nickel-iron ratio, then there after carbothermal reduction experiment has island and spherical metallic phase based.
SEM images and EDS analysis results of samples reduced at 1673 K for 1800 s are shown in Fig. 10 . The pellets of limonite and saprolite became Ni-Fe alloy at 1673°C, with oxide and carbon phases in the pores. The difference between the surface energies of metal and oxide phases can produce iron slag separation. The proposed carbothermic reduction Fig. 7 Cross-section images of laterites mixed with bio-coal after reduction at various.
The Effect of Bio-Coal on the Carbothermic Reduction of Laterite Oresmechanism of the pellets is shown in Fig. 11 . In the initial reaction, sintering at 11731373 K for 1800 s led to the formation of two regions, namely a dense outer layer and a loose core. The soft melting temperature produced small spherical metal phase at 1473 K for 1800 s. The difference in the surface energies of the metal phase and oxide phase led to iron oxide separation at 1673°C for 1800 s.
Conclusion
Limonite and saprolite laterites were reduced at various temperatures on the carbothermic reduction. The following conclusions were obtained:
(1) Bio-coal had became the reductant, when the reduction condition at 1373 K for 1800 s, the nickel content of the pellet by using coal and bio-coal was 1.47 mass% and 1.64 mass%, respectively. (2) The nickel content of limonite increased from 1.18 (before reduction) to 1.64 mass% (after reduction at 1373 K for 1800 s) and that of saprolite increased from 3.43 mass% (before reduction) to 4.93 mass% (after reduction at 1473 K for 1800 s). (4) The outer layer of the pellet formed a dense area and the core of the pellet had a loose area at the 11731373 K for 1800 s. The core of pellet was produced small spherical metal phase at 1473 K for 1800 s, the temperature was the soft melting temperature. Finally, the pellet formed a nickel-iron alloy phase and phase separation occurred between iron and oxide at 1673 K for 1800 s.
